Drosophila melanogaster is an established model organism for the study of host^pathogen interactions. The sequencing of its genome allowed the prediction of all the genes encoded in it and, consequently, enabled a more comprehensive view of its immune responses. Whole-genome transcription analyses of Drosophila response to bacteria, fungi, parasitoids and viruses allow a comparison of the response between different classes of microorganisms and between pathogens of the same class. Overall, there is great diversity in the immune responses but there are a few pathways that are frequently activated. These studies provide a better understanding of how the host resists the infection and responds to the associated damage. Moreover, the data give insights into how microorganisms can manipulate their host and successfully establish an infection.
INTRODUCTION
Drosophila melanogaster has been a very successful model organism in the study of innate immunity. The power of Drosophila genetics allowed basic discoveries, such as the role of Toll-like receptors (TLRs) in immunity, that had a major impact in research on mammalian immunity [1, 2] ). Drosophila responds to pathogens at several levels (reviewed in [3, 4] ). Pathogens first enter in contact with epithelium barriers. These produce a local immune response based on reactive oxygen species and anti-microbial peptides (AMPs). Several of these AMPs were shown to have a direct activity against bacteria and fungi. If pathogens can cross these barriers there are two mechanisms of response. On one hand, there is a cellular-based immunity that involves phagocytosis of invading microorganisms by haemocytes, which are leukocyte-like cells. Haemocytes are also involved in melanization and encapsulation. Melanization is a process triggered by wounding and infection through which melanin and several toxic intermediates are produced. The deposit and generation of these substances are thought to sequester and directly kill pathogens. Similarly, encapsulation also restrains parasitoids, or other foreign bodies, through the deposition of layers of haemocytes and melanin. On the other hand, a strong humoral immune response is activated upon systemic infection. This is mainly a response of the fat body, an organ analogue to the mammalian liver, which secretes to the haemolymph a wide range of factors, including AMPs.
DROSOPHILA IMMUNITY BEFORE THE SEQUENCING OF THE GENOME
At the time of publication of the genome of D. melanogaster, the field of Drosophila innate immunity was making considerable progress, particularly in the analysis of systemic immune responses. A starting point for these developments was the identification and characterization of the first inducible AMP in the moth Hyalophora cecropia, in 1980 [5] . Ten years later Drosophila genes encoding for AMPs induced by immune challenge, Diptericin and Cecropin, were Luis Teixeira group focuses on the interaction of Drosophila with viruses and bacteria. The research interests include Wolbachiamediated protection to viral infection.
cloned [6, 7] . This paved the way to genetically approach a crucial question: how is the expression of AMPs, and consequently the insect immune response regulated? Two main pathways necessary for AMPs induction upon infection were identified. The Imd pathway was found to be required for the induction of most AMPs and to survive a Gram-negative bacteria infection [8] . On the other hand, the Toll pathway, previously known to be involved in dorsal-ventral patterning, was shown to be required for survival to fungal infection and induction of the AMP Drosomycin [1] . Expression of other AMPs was not, or only partially, affected by mutations in the Toll pathway. Gram-positive bacteria challenge induced a pattern of AMPs expression similar to a fungal infection, indicating that these also activated the Toll pathway [9] . The requirement of the Toll pathway to resist Gram-positive infection was shown later [10] . Interestingly, both pathways culminate on activation and translocation to the nucleus of Drosophila NF-kB homologues. The Toll pathway relies on Dorsal and Dorsal-related immunity factor (Dif) [11, 12] , while the Imd pathway acts through Relish [13] . Overall, the model of Drosophila systemic immune response to infection was based on the activation of the Toll pathway by fungi and Gram-positive bacteria, and the Imd pathway by Gram-negative bacteria. This would lead to the expression of different sets of AMPs effective against these distinct pathogen classes. Posterior studies have shown that the Toll pathway preferentially responds to Lys-type peptidoglycan and Imd preferentially responds to DAP-type peptidoglycan [14, 15] . These types of peptidoglycans do not have a strict correspondence to Gram staining. Furthermore, both pathways have been shown to be activated or required to survive infection by the same pathogen (see below).
GENOME ANALYSES AND THE DISCOVERY OF NEW IMMUNE-RELATED GENES
The sequence of the Drosophila genome, as well as the associated sequencing effort of cDNAs, allowed the identification of many new immune-related genes [16] [17] [18] . The number of potential AMPs, for example, increased in the course of this analysis. New Attacin, Diptericin and Drosomycin paralogues were found and some were shown to be induced by immune challenge [19, 20] . Seven new paralogues of Turandot A, a gene encoding a peptide induced by infection and other stresses, were also identified and observed to respond to the same stimuli (the exact functions of Turandot proteins remain unknown) [21] .
A major goal in the field of Drosophila immunity was to identify the pathogen recognition receptors responsible for the initiation of the immune response to bacteria and fungi. Activation of the Toll pathway in response to pathogens was known to involve Spätzle, the ligand for Toll in development [1] . Infection led to proteolytic activation of Spätzle and Toll did not seem to directly bind pathogen ligands [22] . The Imd pathway was more poorly characterized, with the imd gene itself being identified only in 2001 [23] . It was not known, for either of the pathways, how pathogens were recognized and the signalling cascade initiated. The new available sequences allowed searching for specific-pattern recognition receptor candidates. Peptidoglycan recognition proteins (PGRPs) had been recently identified in other insects and mammals [24, 25] . As the name indicates these proteins can bind peptidoglycan and were, therefore, potential candidates for pattern recognition receptors. Thirteen PGRPs genes are found in Drosophila, five of which induced by immune challenge [20, 26, 27] . Shortly afterwards, PGRP-SA and PGRP-LC were established as pattern recognition receptors upstream of the Toll and the Imd pathways, respectively [10, [28] [29] [30] . In the following years, other Drosophila PGRPs were shown to participate in pathogen recognition and modulation of immune activation (reviewed in [31] ).
Another class of potential pattern recognition receptor were the Gram-negative bacteria-binding proteins (GNBPs). The first of these proteins was discovered in Bombyx mori for its capacity to bind the Gram-negative Enterobacter cloacae, although they are related to glucanases [32] . Three homologues were identified in Drosophila and one of these, GNBP1, increased AMPs expression in transfected cells [33] . GNBP1 and GNBP3 were later shown to be required for Toll activation by Gram-positive bacteria and fungi, respectively [34] [35] [36] .
The Drosophila genome also revealed the existence of new Toll paralogues. Besides Toll itself there are eight other TLRs in Drosophila [37, 38] . In mammals, the several TLRs work as different pattern recognition receptors, therefore this discovery opened the possibility that several Drosophila TLRs would be involved in immunity and would respond to different pathogens. Although initial studies indicated that this could be the case for 18wheeler, Tehao and Toll-9 [39] [40] [41] , these were not confirmed or followed up [42, 43] . Recently, Toll-8 and Spa« tzle2, have been reported as negative regulators of AMPs in the tracheal Imd-dependent local immune response [44] . Interestingly, Toll-7 has been shown to bind the vesicular stomatitis virus and to be required for resistance to this pathogen [45] .
A set of new Drosophila genes identified then were the four homologues of mammalian complement C3, TepI^TepIV [46] . In mammals, complement activation leads to opsonization, microbe lysis and inflammation. Looking for this class of genes in Drosophila was also prompted by the discovery of a similar gene in the horseshoe crab [47] . Three of these Drosophila genes were shown to be up-regulated upon bacterial infection, and TepI increased expression is dependent on the Jak-Stat pathway [46] . A functional role for TepII and TepIII in phagocytosis of different bacteria has since been established by a RNA interference (RNAi) screen in cell culture [48] . Many other genes encoding for proteins with a potential to bind pathogens and mediate phagocytosis, as scavenger receptors and proteins with C-type lectin domains, were found in the genome [20, 49] . The scavenger receptors peste and croquemort have been shown, in RNAi screens, to be required for the phagocytosis of different bacteria in cell culture [50] [51] [52] . On the other hand, there is still no clear role for Drosophila C-type lectins in immunity. Purified recombinant Lectin-galC1 enhances Escherichia coli binding to haemocyte-like cells [53] , and recombinant Lectin-37Da and Lectin-37Db enhance encapsulation of beads by haemocytes, in vitro [54] . However, there is no known phenotype for loss-of-function of these genes. Another family of proteins, which contain particular EGF-like repeats, the Nimrod family, was only later identified [55] . Many of the genes that encode members of this family are clustered in the genome and Nimrod C1 and Eater have been shown to be involved in phagocytosis of bacteria [55, 56] .
These analyses of Drosophila genome described many new immune-related gene families. Many single-copy genes that are homologues to immune-related genes in other organisms were also identified [18, 20] . The genome sequence has since informed several reverse genetics approaches to directly probe the role of candidate genes in Drosophila immunity.
MAIN PATHWAYS INVOLVED IN THE SYSTEMIC IMMUNE RESPONSE
The sequence of the Drosophila melanogaster genome has allowed progressive attempts to identify all the genes it encodes [16, 57] . This ever-developing catalogue of genes has been a primary tool in whole-genome approaches to transcriptional and functional studies. Whole-genome expression profile analyses have allowed the identification of which genes respond to infection, which are the main pathways regulating these and to compare the response to different pathogens.
The first two studies on Drosophila transcriptional response to infection used the Gram-negative E. coli, the Gram-positive Micrococcus luteus and the fungus Beauveria bassiana [58, 59] . Each study identified 400-500 genes whose expression was altered upon infection with bacteria or fungi. This was a significant improvement from the approximately 30 infection-induced genes known before. Although both reports used the same pathogens, only a fraction of the genes identified are common between them. These discrepancies might be explained by differences in the infection protocol (e.g. double-bacteria infection versus single-bacteria infections), in the RNA samples (poly(A) versus total RNA), and in the data analyses. However, both studies confirm previously known induction of genes encoding for AMPs, PGRPs and Teps. Overall, they identify the same classes of genes being activated, showing that although the specifics may differ, in general the analyses are consistent.
In both reports, a large number of genes encoding for proteases and the protease inhibitors serpins is differentially expressed upon infection [58, 59] . Protease cascades regulate activation of the Toll ligand Spätzle [22] and melanization [60] . Therefore, these genes could be involved in Toll activation, melanization or other immune-related cascades. The genes encoding for the Toll pathway regulators Necrotic, a serpin and Spätzle-processing enzyme, a protease, are included in this set of genes [58, 59] . Serine proteases related to prophenoloxidase activating enzymes (proPO-AEs) of other insects are also up-regulated by infection [58] . proPO-AE activate Phenoloxidase, which catalyses conversion of dopamine into melanin. Activation of melanization is also reflected in the up-regulation of genes encoding enzymes that catalyse the production of dopamine from tyrosine [58] . DeGregorio et al. [58] also point out the induction of 28 other genes encoding small polypeptides that could correspond to new AMPs or cytokine-like peptides. One of them, Listericin, was later identified in an independent gene-expression profile study and shown to have an anti-bacterial role [61] . Finally, both expression profile analyses show that many genes encoding for members of the Toll-signalling pathway are up-regulated upon infection [58, 59] . Many positive and negative regulators of the Imd pathway are also up-regulated in these datasets, although most of these genes have only been shown to be regulators of this pathway posteriorly.
A direct follow-up to these first analyses was to investigate the contribution of different pathways to gene-expression regulation during infection [62, 63] . A first approach was to assess which genes ceased to be regulated in mutants for spa« tzle, Relish, or both, upon infection with a mix of E. coli and M. luteus, thereby identifying genes dependent on Toll, Imd, or both pathways, respectively [62] . Most genes, 75%, are completely or partially dependent on either or both of these pathways. Interestingly, 40% of these, including most AMPs, receive input from both pathways. This established the Toll and Imd pathways as the main immune pathways in response to bacteria. The same conclusion was reached in an independent study [63] . It was noticed that Imddependent genes have a more rapid and acute profile of expression, while Toll-dependent genes up-regulation tend to be more sustained or late induced [62, 63] .
The above results also demonstrate that other pathways must respond to infection, in order to explain the Toll and Imd-independent gene regulation. In the SL2 cell line a group of genes immediately up-regulated upon immune challenge was shown to be dependent on Tak1, which encodes a component of the Imd pathway [63] [64] [65] . However, this up-regulation was independent of Relish, and dependent on mkk4/hep, of the JNK pathway [63, 65] . This revealed that the Imd pathway branched into one Relish-dependent and another JNK-dependent pathways. Proteins encoded by Relish-dependent genes include immune effectors, like AMPs. Many of the genes regulated by Imd-JNK encode cytoskeletal regulators, which could be related with tissue repair or haemocyte migration and function. The Jak-Stat pathway is also required to induce a small subset of infection responsive genes, including Turandot A [63] . In a different study, Turandot and other genes up-regulation upon infection with E. coli and M. luteus, is also shown to be dependent on Mekk1, a MAPK Kinase [66] . However, Mekk1 seems to be part of a pathway independent of Jak-Stat and is not required for survival to systemic infection with bacteria and fungi [66] . Interestingly, Mekk1 has been shown to regulate Duox expression and be important for survival to Erwinia carotovora oral infection [67] .
The identification of a large number of immune responsive genes allowed determining if they clustered in the genome. Several small clusters were identified, often composed of genes originated by duplication [20, 62] . One particular cluster, located on the second chromosome (55C9), includes immune-induced molecule 1 (IM1), IM2, IM3 and IM23, and it has been repeatedly described as being regulated by NF-kB/Toll pathway [62, 63, 68] . However, it is not known the molecular function of any of the genes in this cluster.
THE IMMUNE RESPONSE TO DIFFERENT BACTERIA
Expression profile studies also allow addressing the differences between immune responses to distinct pathogens. One of the first of those analyses was the direct comparison between systemic infections with E. coli and M. luteus, Gram-negative and -positive bacteria, respectively [59] . More genes are differentially expressed in an infection with the latter and, concomitantly, a larger number of proteases are induced. Apart from this there are no clear differences in the classes of genes being regulated. Furthermore, by crossing the data of Gregorio et al. [62] with the data of Irving et al. [59] , we can detect activation of Imd and Toll target genes in infection with either bacteria. For example, 17 out of 18 Relish-dependent genes, identified in Gregorio et al. [62] and present in Irving et al. [59] , are induced upon infection with the Gram-positive M. luteus. Conversely, 7 out of 16 spa« tzle-dependent genes present in Irving et al. [59, 62] are also up-regulated in an infection with the Gram-negative E. coli. Accordingly, a double mutant of Relish and spa« tzle is more sensitive to E. coli and M. luteus than either single mutant [62] .
A comparison at a more detailed level was done using pathogenic (PA14), and non-pathogenic (CF5) strains of Pseudomonas aeruginosa [69] . There are 240 genes differently expressed between the two infections. While CF5 infection up-regulates many AMPs, PA14 seems to be able to inhibit this induction, which may be part of the explanation of its pathogenicity. Furthermore, PA14 infection causes a lower induction of a set of skeletal muscle-specific genes, when compared to CF5 [70] . The up-regulation of these genes is dependent on the JNK pathway. Interestingly, mutants in some of these target genes or hep, a JNK kinase, have a higher mortality when infected with P. aeruginosa. Moreover, induction of these genes or their mutant phenotype is dependent on place of infection. Abdominal infection, contrary to thoracic infection, does not induce these genes and the outcome is not affected by mutations in them. These analyses demonstrate that the transcriptional response to very closely related bacteria can vary greatly and the differences between responses can elucidate the bases of the distinct pathogenicity.
Infection with the Gram-positive bacteria Mycobacterium marinum, which is pathogenic to Drosophila and grows initially inside haemocytes, induces an expression profile very different from the E. coli and M. luteus infection [71] . The up-regulation of Toll and Imd pathways target genes occurs later (72 h post-infection, in opposition to 6-12 h) and is weaker. A set of genes encoding enzymes involved in energy metabolism and storage is down-regulated in late infection, concomitant with glycogen and triglycerides levels reduction. This indicates that metabolic imbalance, specifically wasting, is involved in the pathogenesis of this infection. Interestingly, in foxo hypomorphic mutants infected flies have lower glycogen loss and survive longer, with the same bacteria load as control flies [71] .
All the infections discussed above were done by direct injection of bacteria into the host. The transcription profile analysis of the immune response to a more natural mode of infection with bacteria was first assessed in larvae. Oral infections with the Gram-negative bacteria E. carotovora and Pseudomonas entomophila were compared to septic injury with a mix of E. coli and M. luteus [72] . Most genes induced by septic injury were also induced by oral infection. A set of 90 genes were common only to E. carotovora and P. entomophila natural infection and included genes related to metabolism and the peritrophic matrix, a structure that surrounds the midgut contents and prevents its direct contact with host cells. Pseudomonas entomophila infection also specifically up-regulates a large set of genes which includes targets and components of the Jak-Stat and JNK pathways. Vodovar et al. [72] analysed the whole-fly transcriptional response, which may reflect, to a large extent, the response of the fat body. The specific immune response of the gut, a major point of contact with pathogens, was analysed in the context of adult E. carotovora oral infection [73] . Almost 1000 genes were shown to be up-or down-regulated in the gut immune response. Several Imd pathway genes were strongly up-regulated and a fraction of the total up-regulated genes were dependent on Relish. These corresponded to previously characterized innate immune genes, like AMPs. On the other hand, Toll pathway genes were not, or only mildly, up-regulated and, accordingly, Toll was not required for the induction of any tested gene. The microarray analysis also detected the up-regulation of genes of the Notch, EGFR and Jak-Stat pathways. After oral infection with E. carotovora, or P. entomophila, the gut suffers extensive damage, which is followed by gut stem-cell proliferation and tissue regeneration. These pathways have been shown to be required for gut renewal and Drosophila survival to oral infection (reviewed in [74] ).
The analysis of the transcriptional response in the trachea, another epithelial tissue in contact with the environment, to E. carotovora infection also shows up-regulation of Imd pathway and target genes [75] . This response, however, significantly differs from the ectopic activation of the Imd pathway in this tissue. These results indicate that different thresholds of activation of this pathway result in the activation of different target genes or that the other pathways modulate the final Imd pathway transcriptional response in trachea. The data also shows modulation of Jak-Stat target genes and other genes involved in tracheal development, after infection. Interestingly, this is accompanied by morphological changes in the tracheal tissue after infection.
Another example of a tissue-specific expression profile analysis is the haemocyte-specific immune response to systemic infection by E. coli and M. luteus [76] . Upon infection, haemocytes down-regulated the expression of cell adhesion and extracellular matrix protein genes, which may reflect an increase in haemocyte mobility. On the other hand, haemocytes increase the expression of genes encoding AMPs and the Toll pathway haemolymph proteins PGRP-SA and Spätzle. This indicated that haemocytes express effector proteins themselves and could be regulators of the immune response. This regulatory role has been shown in larvae, where haemocytes are required for normal AMPs expression by the fat body upon bacterial infection [77] [78] [79] .
Drosophila melanogaster is known to be naturally infected with only two vertically transmitted bacteria, Spiroplasma and Wolbachia [80] . Although both are transmitted through the germline, Spiroplasma resides mainly in the haemolymph while Wolbachia are intracellular. Infection with several Spiroplasma species does not induce the classical Imd or Toll pathway response, including the up-regulation of AMPs [81] . However, some species prompt up-regulation of midgut immune-related genes identified previously in other studies. On the other hand, Wolbachia infection does not up-regulate the expression of any immune gene, in whole flies (Dean Baker and Luís Teixeira, unpublished results). This is surprising given the strong Wolbachia-induced resistance to viruses [82, 83] . Analyses of Wolbachia infected testes or transiently infected cell culture show mild up-regulation of very few immune-related genes [84, 85] . Due to their vertical transmission both Wolbachia and Spiroplasma are co-evolving with their Drosophila hosts, which may explain the lack of a strong immune response to these symbionts. Interestingly, these bacteria lack a proper peptidoglycan, which is the known component of bacterial cell walls that activates the Toll or the Imd pathway.
IMMUNE RESPONSE TO FUNGI
Infection with the fungus B. bassiana modulates the expression of fewer genes than bacterial infection [58, 59] . These genes correspond to spa« tzle-dependent genes and to genes that are activated by a Toll gain-of-function mutation, which confirms the Toll pathway as the main pathway responding to infection with fungi [62] . Accordingly, Drosomycin and Metchnikowin are the most strongly upregulated AMPs [58, 59, 86] . However, it should be noticed that B. bassiana infection was done through a natural infection protocol, in which adults are covered with spores, and compared to bacterial infections by septic injury [58, 59] . The differences in the response to these pathogens could also reflect differences in the pathogen delivery and it would be interesting to analyse the whole-genome transcriptional response to systemic fungal infections. Injection of different fungi, including B. bassiana, can induce the expression of genes simultaneously dependent on Imd and the Toll pathway, as well as genes dependent on only one of the pathways [87] .
IMMUNE RESPONSE TO PARASITOIDS
Infection with the parasitoid wasp Asobara tabida, which injects its eggs into larvae, changes the expression of approximately 160 genes [68] . More than 80% of these genes had not been previously associated with immune responses, showing that the response to parasitoids significantly differs from the response to other pathogens. However, some up-regulated genes encode components or are targets of the Toll and the Jak-Stat pathways. Besides their role in the systemic immune response, these pathways are also involved in the development of haemocytes, which have a crucial role in melanization and encapsulation of parasitoids. Therefore, this activation may be related with differentiation of haemocytes, in response to parasitoids. There is also an increase in expression of melanization genes and proteases. Larvae infected with Leptopilina boulardi, another parasitoid wasp, also show up-regulation of Toll, Jak-Stat and melanization associated genes [88] . Interestingly infection with L. heteroma, a closely related species, does not induce these genes, due to their suppression by the parasitoid itself. Both L. boulardi and L. heteroma are very successful in parasitizing D. melanogaster, therefore these results indicate that they adopt different strategies to overcome the host immune response. Infections with both parasitoids up-regulate genes involved in proteolysis and ATP-generation, and down-regulate genes related to development, and cell migration and adhesion. It is unknown to which extent these changes in transcription are due to a response of the host or manipulation by the parasitoids.
IMMUNE RESPONSE TO VIRUSES
The Drosophila immune response to viruses has only been addressed relatively recently. Systemic infection with Drosophila C virus (DCV), a positive single-stranded RNA virus, induces a transcriptional response different to other pathogens [89] . Only one-third of the induced genes had been previously described to be regulated in response to infection.
Moreover, classical target genes of Toll, Imd and Jak-Stat pathways were not strongly up-regulated. These results differ from a previous study with DCV oral infection, where up-regulation of some AMPs was observed [86] . The differences may be due to the distinct routes of infection. Some of the genes strongly up-regulated by systemic viral infection, like vir-1, have Stat-binding sites in their regulatory regions and are dependent on the Jak-Stat pathway for their induction [89] . Furthermore, Hopscotch, a Jak kinase, is required for normal survival and control of viral titres after infection. However, activation of this pathway is not sufficient to increase expression of this new set of target genes, showing that other pathways are required for the anti-viral response. Interestingly, none of the regulated genes are known to be involved in RNAi, which is considered the main anti-viral defence mechanism in Drosophila (reviewed in [90] ). This indicates that the genes of this pathway are constitutively expressed and not transcriptionally regulated by viral infection.
Analysis of gene expression upon infection with Sigma virus, a negative single-stranded RNA virus, also showed lack of activation of Toll, Imd and Jak-STAT pathway target genes [91] . However, there was almost no overlap with DCV responsive genes, denoting a distinct transcriptional response to different viruses.
PHYSIOLOGY AND REGULATION OF IMMUNE-RELATED GENES
One of the advantages of whole-genome expression profile analyses is an a priori lack of bias towards which genes to study. This has led to the discovery of regulation of immune-related genes in experiments not directly related to infection. An interesting example is the induction of AMPs in mated females, specifically in the oviduct [92] [93] [94] . The upregulation of different AMPs is dependent on sperm or accessory gland proteins, like Male Sex Peptide. This up-regulation may protect the female from sexually transmitted diseases or ensure that eggs are protected as they pass through the oviduct.
Some immune-related genes levels show a circadian rhythm and several of these, including many AMPs, are up-regulated in a mutant of Clock, a major regulator of the Drosophila circadian rhythm [95, 96] . An interaction between immunity and the circadian rhythm has been shown in several studies (reviewed in [97] ). Finally, it has also been observed that with age there is an increase in expression of immune genes [98] [99] [100] . How the two processes influence each other is unclear.
The fact that genes encoding for AMPs and other immune genes are frequently found in geneexpression profile studies may reflect an enhanced sensitivity of these pathways to imbalances in the animal homeostasis. This may be direct and reflect immune pathways responding to tissue damage and stress. It may also be a consequence of changes in the normal interaction of Drosophila with microorganisms (e.g. bacteria in the gut), which in turn change the activation of immune pathways.
DISCUSSION
The sequencing of D. melanogaster genome allowed the prediction of all the genes encoded in it and, therefore, enabled a more comprehensive understanding of its immune responses. Whole-genome transcription analyses show a great diversity in Drosophila responses to infection. This diversity is not only due to the fact that different kind of pathogens and parasites were used in these studies, but also a reflection of the complexity of what is being monitored. Only part of this complex transcriptional response is the immune response the host is set to deliver once a particular class of pathogens is detected. For example, the presence of DAP-type peptidoglycan from bacteria triggers the Imd pathway and the expression of immune effector genes, like the AMPs. However, the infection may also induce damage to host tissues. This will trigger a response to damage, change the expression of genes of the affected tissues and, possibly, a compensatory response to the lack of function of these same tissues.
The response to damage, at the whole organism level or tissue-specific level, is an important component to survive infection and may be considered part of the immune response (see [101] ). However, the effects, on the whole organism, of the loss-offunction of a particular tissue due to damage and how the organism responds to that should not. Moreover, the pathogen itself may directly interfere with the host gene expression, not only repressing its immune response but also activating processes required for the infection. As the responses to different pathogens are analysed, all the particularities of these infections will be translated in the expression profiles. Many of the observed differences in the response to infection by distinct pathogens may be due to the physiology associated with the diseases and not necessarily immune related.
The analyses of whole-genome expression profiles in response to several pathogens confirmed that a few pathways are repeatedly involved in Drosophila immune response and helped in the identification of some of these. Activation of the Toll pathway, for instance, is seen in the response to infection with several bacteria, fungi and parasitoids. This raises the question if Toll activation via the cytokine Spätzle is more of a general response to infection than a specific response to particular pathogens. The specificity of the Drosophila immune response may rely more on the combinatorial activation of a set of immune pathways rather than on dedicated pathways to different microorganisms. The JNK and Jak-Stat pathways are also involved in the response to diverse pathogens. However, each of these pathways seems to be able to activate different target genes depending on the specific infection. For example, the Jak-Stat pathway targets are different in bacterial or viral infection [63, 89] . Both pathways may be involved in damage response upon infection, as it is shown in bacterial oral infection (reviewed in [74] ), with the target genes being tissue specific and therefore dependent on the pathology of the infection.
The data also prompts the comparison between the immune response to different pathogens and modes of infection (a database with many of the results discussed in this review, useful for these comparisons, has been recently established [102] ). Studies where different infections are directly compared do show substantial differences between them [58, 59, 69, 72, 86, 88] . For example, a direct comparison of the response to natural infection with the fungus B. bassiana, and oral infection with the bacteria Serratia marcescens, the virus DCV and the protozoan parasite Octosporea muscaedomesticae shows large differences between all these responses [86] . Comparing expression profile data of diverse studies could be problematic because of different experimental conditions, microarray platforms and data analyses. Nevertheless, as seen above, the analysis of the same infection in independent studies differ in detail but overall reach the same conclusions. Therefore, broad comparisons can be done. However, the number of different pathogens analysed in each class is limited. This hinders generalizations on what are the differences between pathogens classes and what are common pathways of response to the pathogens of the same class. Moreover, closely related pathogens may differ significantly in the response they induce [69, 88] . This implies that there is a risk of over interpreting differences between distantly related pathogens.
Nonetheless, a few general conclusions can be reached. The studies on systemic viral infection indicate that there is no common response to viral infections and that these are very different from the response to other pathogens [89, 91] . In two out of three parasitoid wasp infections there is up-regulation of Toll, Jak-Stat and melanization genes [68, 88] . This is probably the general response to parasitoids, which is actively suppressed by the third parasitoid species. The responses to bacterial infections show a great variation in the studies discussed here, and in some cases do not induce the typical Imd and Toll activation which is frequently observed. This is probably due to the choice of the bacteria analysed. The use of strains that are capable of establishing an infection may bias the studies towards interactions where these pathways are not activated or are suppressed by the pathogen. This is particularly clear in the comparison between the two P. aeruginosa strains [69] .
A large amount of data has been generated in these transcriptomic studies; however, most of it is not understood. For instance, the role of the majority of genes being regulated upon infection is not known. Obviously this research helps in categorizing these same genes and prompts a reverse genetics approach to investigate interesting candidates. The study of the role of several genes involved in the innate immune response was initiated because of their up-regulation upon infection (e.g. Spn27A [103, 104] , Listericin [61] and Pirk [105] [106] [107] [108] ).
Despite the overwhelming amount of data it will be useful to pursue these studies. They will allow better generalizations and assessment of the diversity of Drosophila immune responses. As next-generation sequencing (NGS) gets less expensive and the analysis of this data more mature there may be a new boom in transcriptome analysis upon infection. NGS has already been used to analyse the differences between the immune responses of D. melanogaster and D. virilis [109] . This approach may also have the advantage of simultaneously follow the host and the pathogen transcriptional responses.
Whole-genome expression profile analyses have provided a more comprehensive understanding of D. melanogaster immune responses. This has enlightened the field but also raised many new questions. Some have been addressed by posterior work but many remain unsolved.
Key points
The transcriptional responses to infection with bacteria, fungi, parasitoids and viruses are very diverse. A few signalling pathways, like Toll and Jak-Stat pathways, are activated by different classes of pathogens. The analyses of the genes up-regulated by infections elucidate how the host resists to pathogens and deals with the associate damage. Microorganisms can interfere with the host immune response in order to establish an infection.
